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Abstract.  The distribution of CuZn superoxide dismu- 
tase (SOD)  molecules in subcellular organelles in rat 
liver hepatocytes was studied using integrated bio- 
chemical, stereological, and quantitative immunocyto- 
chemical techniques. A known concentration of 
purified CuZn SOD in 10%  gelatin was embedded 
alongside the liver tissue for the calculation of CuZn 
SOD concentrations in hepatocyte organelles and total 
CuZn SOD in the rat liver.  Most of the CuZn SOD 
was located in the cytoplasmic matrix (73.1%) and in 
the nucleus (11.9%) with concentrations of 1.36 and 
0.71 mg/cm  3, respectively.  Lysosomes contained the 
highest concentration (5.81 mg/cm3). Only low concen- 
trations were measured in mitochondria (0.21 mg/cm3). 
Membrane-bound spaces of rough endoplasmic reticu- 
lum (ER), smooth ER, and the Golgi system did not 
contain significant concentrations of the enzyme. 
By adding up the concentrations in all subcellular 
compartments, a total liver content of CuZn SOD was 
established from the immunocytochemical measure- 
ments (0.386  +  0.028 mg/gm liver) that agreed closely 
with those obtained by biochemical assays (0.380  + 
0.058 mg/gm liver). The average distances between 
two CuZn SOD molecules can be calculated from en- 
zyme concentrations. It was determined that CuZn 
SOD molecules in the cytoplasmic matrix and nucleus 
were 34 and 42 nm apart, respectively.  In peroxisomes 
and mitochondria, average intermolecular distance in- 
creased to ~60 nm and increased to 136 nm in 
smooth ER. CuZn SOD is a relatively abundant pro- 
tein in the cytosol of hepatocytes and its distribution 
overlaps  with major sites of 02- production. The 
efficiency of protection CuZn SOD can provide to 
cytosolic proteins from attacks by superoxide anion de- 
pends on the rate of 02- production, distribution of 
CuZn SOD relative to cytosolic proteins, and the rela- 
tive reaction rates between 02- with both cytosolic pro- 
teins and CuZn SOD. Future studies  of these substrate- 
enzyme relationships in vivo can lead to a greater 
understanding of how cells handle oxidant stress. 
T 
HE family of enzymes called  superoxide dismutases 
(SODs) ~ are found primarily in oxygen-using organ- 
isms (28, 32, 38, 58). These enzymes catalyse the fol- 
lowing reaction: 2H  + +  202---'H202 +  02, and are impor- 
tant  for the  biological  defense  of cell  injuries  mediated 
through oxygen-free radicals. The protective role that SOD 
plays has been demonstrated in many ways. Tolerance to ex- 
posure  to  high  oxygen tensions  in microorganisms  or in 
animals is closely correlated with increased cellular or tissue 
levels of  SOD (7-9, 16-18). Conversely, a yeast mutant sensi- 
tive to oxygen was made by specifically inactivating the yeast 
manganese SOD gene (54). Moreover, delivery of  liposome- 
entrapped SOD to cultured endothelial cells protects these 
cells against hyperoxia-induced injury (14). The mean sur- 
vival time of rats  exposed to  100% 02 has also been  in- 
creased  by either  intravenous or intratracheal  injection of 
CuZn SOD entrapped in liposomes (30, 51). There is, there- 
L  Abbreviations used in this paper:  ER,  endoplasmic reticulum;  RER, 
rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; SOD, 
superoxide  dismutase. 
fore, compelling evidence that SODs are essential compo- 
nents for cellular defense against partially reduced species of 
02. The recognized biological importance of these defense 
systems  is  steadily  increasing  as  they are  implicated  in 
processes such as ischemia-reperfusion  injury (27) and ag- 
ing (11, 21). 
In mammalian cells, two types of SOD have been iden- 
tiffed which have different structure and metal contents. One 
contains copper and zinc and the other contains manganese. 
Qualitative immunocytochemical localization studies carried 
out  on  ultrathin  cryosections  of rat  liver  have recently 
demonstrated that the CuZn enzyme is associated with cyto- 
plasmic and nuclear matrix (46), but could not define its pre- 
cise distribution in subcellular organelles. The Mn SOD is 
primarily confined to the mitochondria (46) but a low degree 
of  immunolabeling is found in the cytoplasm. The intracellu- 
lar distribution of the SODs would be expected to correlate 
with the significant sites of 02- production (13). The elec- 
tron transport systems of mitochondria (50, 53), endoplas- 
mic reticulum (ER) (22, 52), and nuclear membrane (59, 60) 
have all been shown to generate substantial amounts of 02- 
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thine oxidase and aldehyde oxidase, catalyze reactions that 
produce O2- (36).  Since the superoxide anion is extremely 
active, it is necessary for the cell to maintain efficient defense 
systems to prevent O~--mediated damage at the site of its 
production. 
One important aspect in the study of how cells handle ox- 
idative stress both from normal and from abnormal produc- 
tion of partially reduced species of oxygen is still unknown; 
namely, the concentrations of the oxygen-free radical scav- 
enging enzymes within a cell and their relation to the major 
sites of 02- production. To address this question a quantita- 
tive study aimed at defining the distribution of the CuZn 
SOD molecules in hepatocytes has been done by combin- 
ing biochemical, stereologic, and immunocytochemical ap- 
proaches and the results are reported herein. 
Materials and Methods 
Biochemical  Assays 
Three male Wistar rats weighing ,~200 gm were held without food overnight 
and then anesthetized with sodium pentobarbital. Livers were perfused with 
0.1 M PBS (pH 7.4) at an initial perfusion pressure of 15 ml/min for 1-2 
min to flush out the blood. The livers were excised, weighed, and their vol- 
ume determined by water displacement (39), Subsequently, each liver was 
homogenized in 50 mM phosphate buffer in the presence  of 1% Triton X-100 
using a Brinkmann Instruments Co. (Westbury,  NY) polytron homogenizer. 
The homogenate was sonicated four times for 15 s on ice. The solubilized 
homogenates of liver cells were then centrifuged at 47,000 g for 10 min and 
the supernatant was removed and stored frozen. CuZn SOD activity present 
in the supernatant and pellet, as well as the activity in a known amount of 
purified rat liver CuZn SOD,  were measured according to Sjostrom et al. 
(42). The amount of CuZn SOD present in the whole liver was calculated 
using the activity of the purified enzyme as a standard. 
Anti-CuZn SOD Antibody 
The procedures for the isolation of rat CuZn SOD and the preparation of 
antisera to CuZn SOD were reported previously (10, 46). Liver homoge- 
nares and the purified rat CuZn SOD were subjected to SDS-PAGE to verify 
the purity of the isolated protein. Homogenate protein and CuZn SOD were 
also applied to native gels to illustrate that all forms of CuZn SOD present 
in  the  liver  homogenate  are  represented  in  the  purified  protein.  The 
specificity of the anti-CuZn SOD antibody was examined by reacting the 
antibody to Western blots of liver homogenate, purified Mn  SOD,  and 
purified CuZn SOD. The ability of  the antibody to react with all active forms 
of CuZn  SOD  was verified on  Western blots of liver homogenate and 
purified CuZn SOD from the native gels. Moreover, the antisera was ab- 
sorbed with purified CuZn SOD using Act-ultmgel (LKB Instruments, Inc., 
Gaithersburg, MD) coupled to the purified enzyme. Absorbed antisera was 
then applied to ultrathin cryosections to test the labeling specificity of the 
antibody on tissue sections. To test whether all the immunologically de- 
tected CuZn SOD in liver would show up in the biochemical assay,  liver 
homogenate, and purified CuZn SOD with known amounts of CuZn SOD 
activity  were  incubated  with  the  antisera at  4"C  overnight.  The  anti- 
body-antigen complexes were precipitated by incubation with Staphylococ- 
cus aureus (Calbiocbem, San Diego, CA). The CuZn SOD activity remain- 
ing in the supernatant was assayed. 
Morphometric Analysis 
Livers of fasted Wistar rats were fixed by perfusing 2% glutaraidehyde (15 
ml/min) in 0.1 M phosphate buffer (pH 7.4) through the portal vein for 10 
rain. The weight and volume of each liver were determined. Stereologic 
methods  used  in  this  investigation were  essentially  identical  to  those 
reported by Bolender et at. (5). A stratified sampling procedure was used. 
The volume fraction of the liver parenchyma was determined on 5  Ixm 
cryosections of the right liver lobe. The volume fractions of hepatocytes and 
subcellular organelles were determined on electron micrographs of Epon 
812-embedded liver tissue at  10,000x  and 45,000x,  respectively. 
Quantitative Immunocytochemistry 
SOD Standards. Experiments were carried out to establish a standard curve 
relating labeling density on ultrathin cryosections and enzyme concentra- 
tion in the embedded blocks. Blocks for standards contained multiple bands 
of 10% gelatin each containing a different specific enzyme concentration (0, 
1, 2, or 4 mg/ml) (33, 34). The blocks were embedded in polyacrylamide 
according to procedures reported by Slot and Geuze (43) before cryoultra- 
micmtomy and immunocytochemical labeling. Electron micrographs taken 
at 20,000×  from each band of enzyme were used to determine the labeling 
density (number of gold particles per unit area). Finally, an en bloc enzyme 
standard embedded and cut alongside the tissue was used to calculate en- 
zyme concentrations in tissue samples. This en bloc standard was required 
because fluctuation of  labeling density could occur over time due to a variety 
of factors including changes in the binding property of the protein A-gold 
complex (33, 34). The same preparation of purified CuZn SOD was used 
as a standard for both the biochemical and the immunocytochemical studies. 
Cryomicrotomy and lmraunocytochemical Labeling.  Ultrathin cryosec- 
tions were obtained from composite blocks containing multiple bands of 
SOD or tissue with the SOD standard. Each block was mounted on a speci- 
men holder and positioned so that a section ~auld contain all the layers. 
The specimens were frozen in liquid nitrogen and ultrathin cryosections 
were prepared with a  Porter Blum ultramicrotome equipped with cryo- 
attachments. The sections were immunolabeled with rabbit anti-rat CuZn 
SOD and 9-nm protein A-gold following procedures described by Slot and 
Geuze (44, 45). Ultrathin cryosections were stained with uranyl acetate in 
methyl cellulose according to Tokuyasu  (49) and modified by Griffiths et 
at.  (20). 
SOD Concentration in 1issue.  Three blocks from each of the three rat 
livers were sectioned and labeled along with their respective en bloc SOD 
standard. One section from each block was examined and photographed. At 
a low magnification (1,000x), the entire grid was scanned from top to bot- 
tom and left to right until a grid square covered by a portion of the section 
free of folds was found. The grid was then moved so that the photographic 
frame was situated at the uppermost corner of the grid square. The mag- 
nification was then changed to 19,000x  and a series of micrographs taken 
starting from a  random spot previously selected at  1,000x.  Subsequent 
fields were chosen  by turning the horizontal stage control a quarter turn each 
time. When the grid bar was reached, the vertical stage control was turned 
an equal distance to a lower portion on the section. Sampling continued 
again horizontally in the reverse direction. Not every frame selected could 
be photographed since obliteration of structure by random events such as 
stain precipitation occasionally occurred. After the entire grid square was 
photographed, manning at the low magnification resumed until another por- 
tion of the section free of folds was located. 30 to 45 pictures of hepatic 
tissue were recorded on 70-mm film and 20 to 25 photographs were taken 
from the area of the SOD standard. All micrographs were printed on 8" x 
lff' photographic paper at 60,000x  with the aid of a calibration grid. Pic- 
tures were placed under an overlay containing 100 points spaced 2.2 cm 
apart (55). For liver hepatocytes, the points falling on nucleus, cytoplasmic 
matrix, mitochondria, cisternae of the rough ER (RER) and the Golgi com- 
plex, vesicles of the smooth ER (SER), lysosomes, and peroxisomes were 
tallied with a hand counter. The number of gold particles appearing on these 
structures were also counted and recorded. For the en bloc SOD standard, 
the number of  gold particles appearing and the total number of  points falling 
on each picture were recorded. Pictures were also taken from areas of gela- 
tin around the liver tissue but away from the SOD standard to estimate back- 
ground labeling. Particle and point counts from all the micrographs of one 
section were added and a particle to point ratio obtained. Particle counts 
over beth hepatocyte organelles (LD  s) and the SOD reference (LD  R) were 
corrected for background labeling. Since labeling density was proportional 
to SOD concentration and the concentration in the CuZn SOD reference was 
known (CR), the amount of CuZn SOD present in a  unit volume of any 
given hepatocyte organeile (C  s) can be calculated by the following equa- 
tion: C s  =  CR(LDS/LD% 
Results 
Biochemistry 
The rat livers used for biochemical assays had an average 
weight of 5.7  +  0.2 gm. Greater than 98% of the total CuZn 
SOD activity in the liver homogenate was found to associate 
with the supernatant after centrifugation. Total SOD content 
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Western blots of liver homogenates (LH), purified Mn SOD, and 
purified CuZn SOD. The proteins were separated on a SDS-poly- 
acrylamide gradient gel (10-20 %) and transblotted onto nitrocellu- 
lose paper. One set of the blots was stained for protein with Amido 
black (a). The results are demonstrated on the left with molecular 
weight markers. The other set of  blots were incubated first with rab- 
bit anti-rat CuZn SOD and then with goat anti-rabbit IgG con- 
jugateai with horseradish  peroxidase  (b).  Hydrogen peroxide  and 
4-chloro-l-naphthol  were used as color development reagents. The 
results are shown in the right panel. 
Figure 2. Purified rat liver CuZn SOD (15 lag protein) and liver ho- 
mogenate (250 lag protein) applied to 10% native PAGE. (a) The 
gel was stained by a photochemical method to demonstrate SOD ac- 
tivity.  Three  strong  activity  bands  were  demonstrated  by  the 
purified  CuZn SOD. The same bands  were  seen  with  the  liver 
homogenates. (b) Anti-CuZn SOD antibody reaction with trans- 
blotted pure CuZn SOD and liver homogenate from native gels. 
was 3.5  +  0.4 mg per liver. The relative activity of both the 
CuZn SOD and Mn SOD was calculated according to the 
pH-dependent change of SOD activity (42). It was found that 
the average CuZn SOD content per liver was 2.2  ±  0.3 mg 
(62%) and the average Mn SOD content per liver was 1.3  _ 
0.1 mg (38%). Rat liver contains, on average, 0.380  +  0.058 
mg CuZn SOD per gram of liver. 
Purified Rat CuZn SOD and Anti-CuZn 
SOD Antibody 
Although  SDS  gel  electrophoresis of purified CuZn  SOD 
showed only one protein band (Fig.  1),  activity staining of 
native gels of the purified protein demonstrated three active 
bands (Fig. 2). The same three active bands were found with 
liver homogenates.  The  activity  of Mn  SOD  in  the  liver 
homogenates was not demonstrated since all SOD activities 
were cyanide sensitive. Staining of 10% native gels of puri- 
fied Mn  SOD  with  Coomassie Blue  consistently  failed to 
show any protein band in our hands. We believe that the Mn 
SOD tetramer did not enter the 10% slab gel, but a  10% gel 
is required to resolve the different bands of CuZn SOD. The 
specificity of the antibody against rat CuZn SOD is shown 
in  Fig.  1.  Immunostaining  of rabbit  anti-rat  CuZn  SOD 
against transblotted liver homogenate protein showed a sin- 
gle band identical to the reaction between anti-CuZn SOD 
and purified rat CuZn SOD while purified rat Mn SOD ex- 
hibited no reaction with the antibody. Furthermore, absorp- 
tion of the antisera by the purified antigen abolished the pro- 
tein A-gold labeling on tissue sections (Fig. 3). The antisera 
reacts against all three active forms of the CuZn SOD (Fig. 
2). Incubation of purified CuZn SOD with the antisera fol- 
lowed by immunoprecipitation eliminated 90 % of the CuZn 
SOD activity of both the liver homogenate and the purified 
protein.  Table  I  summarizes  the  experiment  and  results. 
Liver homogenate prepared with 1% Triton X-100 contained 
greater amounts of protein and CuZn SOD activity per unit 
volume than the homogenate prepared in the absence of the 
detergent. However, the percentages of immunoprecipitable 
enzyme activity from either preparation of the homogenate 
were the same. 
Morphometry 
The results of the morphometric study showed that the vol- 
ume density of hepatic parenchyma is 0.87  +  0.03 in Wistar 
rat liver. Hepatocytes occupied 72.3  +  4.0% of the hepatic 
parenchyma.  Other  hepatic  ceils  and  extracellular  spaces 
contributed 5.4 -t- 1.0% and 23.3 +  3.6% of the parenchymal 
volume,  respectively.  The  absolute volumes of hepatocyte 
organelles were calculated using the series of volume density 
measurements  and  the  fluid  displacement  volume  of the 
livers. Volume densities and absolute volumes of hepatocyte 
Chang et al. Molecular lmmunocytochemistry of CuZn SOD  2171 Figure  3.  (a) An ultrathin cryosection  in- 
cubated with CuZn SOD-absorbed antisera 
followed  by  protein  A-gold.  Only back- 
ground level of gold labeling was observed. 
No label is found in the nucleus (n), mito- 
chondria (m), or the cytosol.  (b) An ultra- 
thin cryosection labeled with Protein A-gold 
particles  after incubation with anti-CuZn 
SOD  antisera.  Gold label is  seen mainly 
over cytoplasmic matrix and are also found 
in the mitochondria (m). See also Fig. 6 for 
detailed  distribution of gold  labels.  Bars, 
0.2  I.tm. 
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CuZn SOD activity 
n  Protein*  Antisera*  Original  After precipitation 
Purified  3  10  ~tg 
CuZn SOD 
/M 




3  22  mg  150  38.0  +  1,6  3.7  +  0.8 
Liver 
homogenate 
with 1% Triton 
3  29  mg  150  54.0  +  4.2  4.6  +  0.9 
Liver 
homogenate 
with 1% Triton 
3  29  mg  0  52.5  +  5.7  54.0  +  6.2 
mg  Cu-Zn SOD/cm 3 
Figure 4. Labeling densities (number of gold particles/Ixm  2) of the 
purified CuZn SOD at various concentrations. The amount of  back- 
ground (0 mg CuZn SOD/ml) labeling was <1% of that of 1.0 mg 
CuZn SOD/ml.  Results from three experiments,  after substrating 
the background staining (o, B, v). 
* Mixed with 50 mM phosphate buffer to a final volume of 1 ml. 
organelles are reported in Table II. The results of this mor- 
phometric study on the volume densities of hepatocyte or- 
ganelles are similar to those obtained by Blouin et al.  (4). 
Quantitative lmmunocytochemistry 
Labeling  Density  and  SOD  Concentration.  Polyacryl- 
amide was used to limit antigen-antibody reactions and pro- 
tein A-gold labeling to the surface when examining the rela- 
tionship between labeling density and antigen concentration 
(34).  Labeling densities for four different SOD concentra- 
tions were determined.  The results from three separate ex- 
periments are plotted in Fig. 4. A constant relationship be- 
tween the  number of gold particles per unit  area and the 
corresponding SOD concentration was demonstrated. These 
labeling studies were carried out within a span of 3 wk with 
the same preparation of 9-nm protein A-gold. A separate test 
with a  different batch of protein A-gold demonstrated the 
same linear relationship but a slightly different ratio between 
label and concentration. 
Table II. Hepatocyte Organelle Volumes by Morphometry 
Volume density*  Orgauelle 
Hepatocyte  of organelles  volumes:~ 
organelles  in hepatocytes  (cm3/g liver) 
Nucleus  0.111  +  0.034  0.064  +  0.022 
Cytoplasmic  0.364  +  0.028  0.210  +  0.026 
matrix 
Mitochondria  0.276  +  0.026  0.158  +  0.007 
RER  0.065  +  0.029  0.038  +  0.019 
SER  0.158  ___ 0.046  0.090  +  0.023 
Golgi apparatus  0.002  +  0.00l  0.001  +  0.001 
Lysosomes  0.006  +  0.002  0.004  +  0.001 
Peroxisomes  0.012  +  0.002  0.007  +  0.00l 
* Mean volume of livers,  6.52  +  0.28 cm3; mean volume density of hepato- 
cytes in liver,  0.63  +  0.04;  mean weight of livers studied,  6.85  5:0.56 g. 
Calculation of volume was carried out for each section. Three measurements 
were made for each rat and averaged.  The mean and SD were then calculated 
from the three  individual animal values. 
Distribution of CuZn SOD. CuZn SOD was found in all 
liver cells, but the hepatocytes were the most densely labeled 
cells. Extracellular spaces were not labeled. Fig. 5 illustrates 
the density of gold labels on an endothelial cell in compari- 
son with that found over the cytoplasm of an adjacent hepato- 
cyte. The number of gold particles found per unit area of en- 
dothelial  cell  cytoplasm was  'ol/4-1/3  of that  found  on a 
typical hepatocyte. Kupffer cells and the fat-storing cells had 
roughly the same labeling density as endothelial cells. 
The distribution of CuZn SOD within the hepatocyte was 
found to be identical to that described by Slot et al. (46), al- 
though the labeling density was greatly diminished due to 
blockage of penetration by polyacrylamide. Fig.  6 demon- 
strates  the  distribution  of labeling  of CuZn  SOD  in  the 
cytoplasm. Protein A-gold labeling was observed in the nu- 
cleus  and  in  the  cytoplasmic matrix.  Virtually  none  was 
found within the vesicles and cisternae of  the ER or the Gotgi 
complex. Lysosomes, on the other hand,  were densely la- 
beled. A low but consistent amount of gold labeling was lo- 
cated over mitochondria and peroxisomes. 
The Concentration  of CuZn SOD in SubceUular Organ- 
eUes. As described in Materials and Methods, the concentra- 
tion of CuZn SOD in various subcellular organelles was de- 
termined by comparing the  labeling densities  to that of a 
SOD standard.  The labeling density of CuZn SOD in  10% 
gelatin at a concentration of 1 mg/ml ranged from 12 to 22 
gold particles per lam  2 and averaged 14.3  +  3.2/lxmL The 
level of background labeling stayed fairly consistent, ranging 
from 0.3  to 0.5  gold particles per  ~tm  2.  Determination of 
organelle SOD concentration on any given section is calcu- 
lated from the labeling density of the SOD standard on the 
same section and was also corrected for background using 
measurements from the  same section.  Variations between 
sections from the same animal range from 5-8% of the mean 
for  nucleus  and  the  cytosol  to  30-50%  of the  mean  for 
sparsely labeled compartments like the Golgi complex and 
ER. Variation for mitochondrial labeling from section to sec- 
tion was "o10% of the mean. Table III reports the concentra- 
tions of CuZn SOD in the major hepatocyte organelles. The 
highest concentration was found in lysosomes. CuZn SOD 
was four times more concentrated in lysosomes than in cyto- 
plasmic ground substance and eight times more so than in 
Chang et al. Molecular lmmunocytochemistry of CuZn SOD  2 ! 73 Figure 5. Comparison of CuZn SOD immunolabeling  on an endothelial  cell (EN) with that of an adjacent  hepatocyte  (HT). The nucleus 
(EN-Nu) and the cytoplasm  (EN-Cyt) of the endothelial  cell are sparsely  labeled,  whereas the cytoplasm of the hepatocyte (HT-Cyt) on 
the right shows a much higher labeling  density.  HT-mi, hepatocyte  mitochondria. Bar,  1 lain. 
the  nucleus.  Mitochondria  and peroxisomes exhibited  20- 
25 %  of the cytoplasmic SOD concentration.  The cisternae 
and vesicles of the RER, SER, and the Golgi complex con- 
rained little or no CuZn SOD. 
CuZn SOD in Hepatocyte  OrganeUes and Total CuZn 
SOD in the Liver. To calculate the relative content of SOD 
in  each  of these  organelles  within  the  liver,  the  volume 
(cm3/gm liver) of the organelle was multiplied by the con- 
The Journal of Cell Biology, Volume  107, 1988  2174 Figure 6.  Immunolabeling of CuZn SOD on hepatocytc cryosections of rat liver (a). Protein A-gold labeling of CuZn SOD is observed 
mainly in the matrix of nucleus (n) and cytoplasm. Small amounts of label are found on the mitochondria (m). The cisternae of the RER 
(rer) is not labeled. (b) Lysosomes (ly) are the most heavily labeled membrane-bound organelle in the hepatocyte. The cisternae of the 
Golgi complex (g) exhibit no specific labeling. (c) Peroxisomes (p) in the hepatocyte also exhibit a low but constant labeling. Bars: (a) 
1 lan; (b and c) 0.2 ~tm. 
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SOD 
concentration*  Total SOD content* 
Hepatocyte organelles  (mg/cm  3)  (mg/g liver) 
Nucleus  0.71  +  0.06  0.046  +  0.017 
Cytoplasmic  1.36  +  0.30  0.282  +  0.030 
matrix 
Mitochondria  0.21  +  0.01  0.033  +  0.019 
RER  0  0 
SER  0.02  +  0.01  0.002  +  0.002 
Golgi apparatus  0  0 
Lysosomes  5.81  +  1.55  0.021  +  0.010 
Peroxisomes  0.27  +  0.08  0.002  +  0.000 
Total  0.386  +  0.028 
* Calculation of concentrations was carded out for each organelle from each 
section using the en bloc standard.  A mean concentration  for each animal is 
determined from three measurements. The overall mean and SD from three rats 
are reported. 
* Total organelle  volumes and  their  corresponding  SOD concentrations  per 
unit volume were calculated for each rat as described under Tables II and III. 
Multiplication of volume with concentration then gives rise to the SOD content 
in the organelle.  Total organelle CuZn SOD and total liver CuZn SOD were 
calculated for each animal. The mean and SD from three rat livers are reported. 
centration of SOD. The calculations were performed for each 
liver and the results from three livers averaged. Table III lists 
the organelle contents of CuZn SOD. Adding up all organelle 
enzyme contents, we found that the total amount of CuZn 
SOD in hepatocytes is 0.386 +  0.028 mg/gm liver. It can be 
seen that ~73 % of the CuZn SOD in hepatocytes is located 
in the cytoplasmic matrix. Mitochondria and nucleus con- 
tributed 9 and 12%, respectively. Because lysosomes have 
a small total volume, their contribution to total SOD content 
is only 5.4 %, despite their high enzyme concentration. 
Morphometric analysis has shown that nonhepatic cells 
constitute ~4.7% (87%  x  5.4%) of the liver mass and have 
a lower concentration of CuZn SOD (<1/3) than hepatocytes. 
It can be inferred that nonhepatocytes contribute only 2-3 % 
of the total liver CuZn SOD or that 0.386 mg CuZn SOD/gm 
liver accurately reflects the total liver content of CuZn SOD. 
Comparison of the immunocytochemical quantification of 
the CuZn SOD with the biochemical assays reveals a close 
correlation  in  results  for  these  two  markedly  different 
methods for quantification of this enzyme. 
Discussion 
An understanding of intracellular pool sizes of enzymes has 
always been of fundamental interest in the study of cell struc- 
ture and function. Earlier approaches to this problem have 
involved measuring enzyme activities in subcellular frac- 
tions. While these methods are useful in roughly defining 
the distribution of biological activities, the localization of 
specific proteins is not precise due to the overlapping distri- 
bution of biological membranes in physically isolated frac- 
tions. The integrity of cell structure is by necessity destroyed 
by isolation procedures  and this makes  sound structure- 
function correlations difficult. Some organelles, such as the 
RER,  lose  their  native  configuration when  fractionated. 
Moreover, cell extracts even from isolated cells invariably 
carry organelles from mixed cell populations, in most cases 
with widely different metabolic functions. 
Developments in  immunocytochemical techniques have 
made  it  possible  to  study  specific  enzyme distributions 
directly on intact cell structures (19, 34, 35). Posthuma et al. 
(34) recently demonstrated a new approach for quantitative 
immunocytochemistry with a model system of soluble pro- 
teins in gelatin. This approach has now been applied for the 
first time to study intracellular SOD concentrations in rat 
liver parenchymal cells. Independent biochemical determi- 
nation of total liver CuZn SOD  content demonstrates the 
reliability of the immunocytochemial results. Furthermore, 
by the integration of  biochemical, morphometric, and immu- 
nocytochemical techniques, the distribution of enzyme mol- 
ecules at specific subcellular sites can be studied. 
One potential problem for the immunocytochemical  quan- 
titation of SOD is the possible presence of multiple forms of 
the CuZn SOD.  Previous study by Weisiger and Fridovich 
(57) had shown that chicken liver CuZn SOD exists as a fam- 
ily of electrophoretically discrete forms. All forms of the 
CuZn SOD were active. It is not known whether these multi- 
ple forms are truly isozymes or whether they represent the 
product of a single gene variably modified by amidation or 
by  some  other  posttranslational  change.  Three  different 
bands exhibiting CuZn SOD activity can be demonstrated on 
native gels of both rat liver homogenate and the purified 
CuZn SOD.  All three bands were reactive with the anti- 
CuZn SOD  antibody.  The anti-CuZn SOD  antibody ap- 
pored to react equally with the cytosolic and membrane- 
contained CuZn SOD,  since the same percentageof CuZn 
SOD activity was immunoprecipitated from the liver homog- 
enate with or without Triton X-100. Because all detectable 
bands present in the liver homogenate are found with the 
purified protein and our antibody recognizes all forms of 
CuZn SOD,  immunocytochemical quantitation of the CuZn 
SOD can be achieved. 
An  important  assumption  in  this  immunocytochemical 
study was that the purified enzyme is biochemically and im- 
munologically similar to the in vivo form of the protein. The 
extensive body of literature on this enzyme supports this as- 
sumption (9,  10,  12,  15,  17,  18, 55).  In addition, we have 
shown that an equal proportion (90%) of the CuZn SOD ac- 
tivity can be depleted from both the liver homogenate and 
the purified CuZn SOD by immunoprecipitation. The results 
of our quantitative study show that the total amount of he- 
patic CuZn SOD determined by quantitative immunocyto- 
chemical methods closely approximated that determined by 
biochemical techniques. This implies that the ratio between 
biochemically active CuZn SOD in the liver homogenate and 
biochemicaUy active CuZn SOD in the purified protein is 
equal to the corresponding ratio of immunologically active 
CuZn SOD in the tissue section and in the purified protein. 
The simplest explanation for the similar immunocytochemi- 
cal and biochemical results is that all hepatocyte CuZn SOD 
including those molecules located in the lysosomes are im- 
munologically and biochemically active, and that these ac- 
tivities retain a constant relationship for all the isoforms. In 
view of the multiple localizations of CuZn SOD, other ratio 
relationships that can explain the present results require that 
all possible errors offset each other and are, therefore, less 
likely.  The correlation between the two quantitative tech- 
niques is not surprising, since the CuZn SOD is an excep- 
tionally stable enzyme. Whether biochemical and immuno- 
cytochemical correlation exists for the quantitation of other 
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dividual proteins involved. 
The presence of CuZn SOD in several subcellular com- 
partments poses some interesting questions concerning cel- 
lular addressing of the same enzyme molecules to different 
locations. It is possible that the different forms of CuZn SOD 
have different cellular localizations. This has not been dem- 
onstrated since monospecific antibodies to each of the elec- 
trophoretically distinct forms of CuZn SOD are not yet avail- 
able. Presently only one gene encoding the cytoplasmic SOD 
has been recognized from rat (23). The enzymes catalyzing 
the chemical reactions of intermediate metabolism is mostly 
synthesized by ribosomes in the cytosol (2). While the pre- 
cise site of CuZn SOD synthesis is unknown, there is no evi- 
dence to indicate that it differs from other cytosolic enzymes. 
Cytosolic CuZn SOD could diffuse into the nucleus through 
nuclear pores.  CuZn  SOD  activity detected with  isolated 
nuclei  can  be  depleted  through  repeated  buffer  washes 
demonstrating that CuZn SOD can enter or leave the nucleus 
freely (56).  The presence of high concentrations of CuZn 
SOD in lysosomes can be accounted for by the autophagic 
process of the hepatocyte (1, 58). It has been shown that he- 
patic lysosomal content of CuZn SOD increased after starva- 
tion (15).  This increase coincides with a greater rate of au- 
tophagic activity during starvation. Endocytosis is a possible 
but not likely source of lysosomal CuZn SOD. Immunocyto- 
chemical studies of inflation-fixed (intact vascular bed) lung 
tissue showed a very low labeling density over plasma. Fur- 
thermore, the lysosomes of alveolar macrophages are devoid 
of CuZn SOD (our unpublished observations). 
The mechanism of CuZn SOD packaging into the mito- 
chondria is unknown. Mn SOD is thought to be transported 
into the mitochondria in an inactive form with a polypeptide 
signal  sequence that can attach  to mitochondrial proteins 
(41).  After  gaining  entrance  into  the  mitochondria,  this 
leader sequence is cleaved. DNA sequencing of the CuZn 
SOD has demonstrated that this enzyme has no leader se- 
quence (23). That a cytosolic protein like the CuZn SOD can 
enter mitochondria is not unique. The cytosolic antioxidant 
enzyme glutathione peroxidase was also found in the mito- 
chondria of liver and adrenal cortex (48). One might specu- 
late that the mitochondrial CuZn SOD is coded by a nuclear 
gene yet unrecognized or that it has a local (mitochondrial) 
origin. Proteins located in the peroxisomes are believed to 
be synthesized on free ribosomes in the cytosol (29). Most 
peroxisomal proteins studied to date,  including the antiox- 
idant enzyme catalase, appear to be synthesized as mature 
proteins and do not have a signal sequence (6, 29). Translo- 
cation of enzymes in this case could occur by secondary al- 
terations such as cofactor binding or interaction with other 
organelle components (6). 
The distribution of CuZn  SOD  activity within  the  cell 
overlaps with known sites of superoxide generation. Quan- 
titatively important contributions to intracellular free radical 
production are made by soluble cell components found in 
both the cytoplasm and nuclear matrixes (13). High concen- 
trations of CuZn SOD are found within these two compart- 
ments. Mitochondria have been shown to produce significant 
amounts of superoxide at the ubiquinone-cytochrome b re- 
gion, probably due to the autooxidation of ubisemiquinone 
(13).  NADH dehydrogenase and dihydroorotate dehydroge- 
nase are also autooxidizable electron carriers which contrib- 
ute to mitochondrial superoxide production (13, 50). How- 
ever, the mitochondria scavenger of superoxide is most likely 
to be the Mn SOD. Biochemical analysis routinely shows that 
>30% of the total liver SOD activity is associated with the 
Mn-containing enzyme. Mn SOD has been shown to be pres- 
ent almost exclusively in the mitochondria (46, 57). The rela- 
tively small  amounts  of CuZn  SOD  in  mitochondria are 
likely to play a minor role in the protection against oxidants 
when compared with Mn SOD. Peroxisomes contain the en- 
zymes of the fatty acid [3-oxidation system (6, 29) and could 
be a site of free radical production. 
A  high concentration of CuZn SOD was found in lyso- 
somes (31). It is known that hepatocyte lysosomes nonselec- 
tively take up cytoplasmic proteins through an autophagic 
process (1, 58). Since CuZn SOD is resistant to protease di- 
gestion (12), its concentration in lysosomes may build up to 
a high level. It should be noted that lysosomes contributed 
only 5 % of the total liver content of CuZn SOD (Table III). 
Cytochromes P45o and b5 on the ER and on nuclear mem- 
branes have been shown to be capable of producing signifi- 
cant quantities of superoxide under hyperoxic conditions (13, 
52), while the cisternae of both SER and RER contain very 
low  concentrations  of CuZn  SOD.  Cytochrome  P450 has 
been described as protective itself in oxygen toxicity owing 
to  its  peroxidase activity  (26).  It has  been  reported that 
induction  of pulmonary  and  liver  cytochrome P450  using 
13-naphthoflavone is associated with an increase in the CuZn 
SOD activity in the lung (26). Kikkawa et al. (24) have ar- 
gued that microsomes are an important site of oxygen radical 
production in pulmonary oxygen toxicity. They reported that 
depression of the  hemoprotein of microsomes by the ad- 
ministration of interferon inducers is associated with protec- 
tion against hyperoxia. The relative rate of 02- production 
by cytosolic and microsomal enzyme systems is not known. 
One explanation for the low CuZn SOD concentrations in the 
cisternae of SER and RER could be that the microsomal sys- 
tem plays a relatively minor role in superoxide production 
under  normoxic  conditions  in  vivo.  Alternately,  the  02- 
production site on the membrane of the ER could be oriented 
toward the surrounding cytoplasm which is rich in CuZn 
SOD. 
An  integrated  system of biochemistry,  stereology, and 
quantitative immunocytochemistry can be used to study dis- 
tribution of  protein molecules within the cell. We, therefore, 
define molecular immunocytochemistry as the combined ap- 
plication of stereology, quantitative immunocytochemistry, 
and biochemical assays to determine the total number of 
specific protein molecules at specific subcellular sites. Bio- 
chemical assays provide an assessment of the total func- 
tional activity of the selected protein in the target tissue. 
Quantitative immunocytochemistry can describe the subcel- 
lular distribution of protein molecules. Since the molecular 
weight of CuZn SOD is known (32,000), the distribution of 
enzymatically active CuZn SOD  molecules can be deter- 
mined (32,000 gm of CuZn SOD contains 6  x  1023 mole- 
cules). Because the total amount of  rat liver CuZn SOD mea- 
sured by  biochemical and  immunocytochemical methods 
were identical, the enzyme concentrations obtained by quan- 
titative immunocytochemistry can be used directly to calcu- 
late the density of enzyme molecules. Table IV presents the 
distributions of CuZn SOD molecules in subcellular com- 
partments  of the  hepatocytes.  There are  roughly 26,000 
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in Hepatocyte Organelles 
Subcellular  Number of  Average distance 
compartment  molecules/l~m 3  between SOD molecules 
nm 
Nucleus  13,300  42 
Cytoplasmic matrix  25,500  34 
Mitochondria  3,940  63 
SER  400  136 
Lysosomes  108,900  21 
Peroxisomes  5,000  58 
CuZn SOD molecules per Ixm  3 of cytoplasmic ground sub- 
stance on the average or one CuZn SOD molecule is found 
in each 40,000 nm  3 of cytoplasm. Accordingly, the aver- 
age distance between the centers of two CuZn SOD mole- 
cules in the cytosol is •34  nm. The distance between the two 
copper residues in the dimeric molecule of CuZn SOD is 3.4 
nm (37). The widest part of the enzyme molecule is "~6.0 
nm. Therefore, the average distance between two SOD mol- 
ecules in hepatocyte cytosol is 6-10 times the diameter of 
the molecule itself. Assuming an overall concentration of 
cytosolic protein of 15 g/100 ml and an average molecular 
weight of 100,000, there would be 900,000 protein mole- 
cules per ~tm  3 or an average distance of 10 nm between the 
centers of protein molecules. There is clearly a greater prob- 
ability of a superoxide anion hitting a cytosolic protein than 
CuZn SOD.  However, the effectiveness of the protection 
CuZn SOD provides to cytosolic protein components de- 
pends on both the relative collision and the relative reaction 
rates between O2--cytosolic protein and O2--CuZn SOD. 
CuZn SOD has an extremely high enzyme rate constant 
(109 M-iS -1) while the naturally occurring concentrations of 
superoxide are very low (25).  The reaction between SOD 
and 02- is therefore diffusion dependent.  The association 
between CuZn SOD and superoxide, however, is not a simple 
matter  of diffusion and  collision.  Enzyme  submolecular 
structure, detailed electrostatic charge distribution, solvent- 
screened inter- and intramolecular interactions, and hydro- 
dynamic interactions can affect diffusion of substrate as well 
as association of substrate with enzyme. The structure of the 
CuZn SOD has been studied extensively. Computer simula- 
tions of superoxide diffusion to the active site of CuZn SOD 
have been conducted by a number of investigators (3, 40, 47). 
It has been found that the electric field of the enzyme en- 
hances the association rate of the anion by 30-fold (3). These 
studies are generating greater understanding of the interac- 
tion between CuZn SOD and superoxide at the level of in- 
dividual enzyme molecules. Information provided by molec- 
ular  immunocytochemistry describing  the  distribution  or 
spacing of enzyme molecules in its in vivo microenviron- 
merit can be incorporated into this type of enzyme/substrate 
modeling.  A  comprehensive model for the  study of 02-- 
CuZn reaction kinetics at normal or elevated levels of su- 
peroxide production needs to be developed to characterize 
cell reactions to oxidative stress. 
The data presented in this report describe quantitative en- 
zyme distribution on intact cell structures where interor- 
ganelle relationships are not disturbed. With the knowledge 
of intracellular SOD concentrations at specific subcellular 
sites, one can analyze the intracellular relationships between 
superoxide and  SOD;  i.e.,  the  rate of 02-  production in 
normal cells and the variations in the distribution of SOD 
molecules in response to different rates of 02- production. 
It is also possible to definitively correlate in vitro enzyme- 
substrate studies with reliable data regarding in vivo enzyme 
concentrations. 
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